Optimal methods to control patient-to-patient transmission of methicillin-resistant Staphylococcus aureus (MRSA) in an intensive care unit (ICU) setting are still unknown. We iteratively applied a full 2 k factorial design on the output of a stochastic, agent-based simulation to compare the effects of the hand hygiene compliance of healthcare workers and the nurse-to-patient ratio on the transmission of MRSA in a 20-bed ICU. The results suggest that increasing the nurse-to-patient ratio is more effective at levels below approximately 60% compliance of nurses. However, improving the hand washing compliance of nurses becomes the better strategy at higher baseline compliance levels. In addition, interaction effects between the two infection control measures limit the marginal benefit of improving both factors to high levels.
INTRODUCTION
Infections with MRSA are a major problem among hospitalized patients (Cosgrove et al. 2005; Moland et al. 2006) . Interventions have been proposed to decrease the transmission of MRSA in high-risk healthcare settings such as the intensive care unit (Weber et al. 2007; Muto et al. 2003) . Two key factors that have been identified as effective infection control measures are improving the hand hygiene compliance of healthcare workers and increasing the ratio of nurses to patients in the hospital.
Hand hygiene compliance is a cornerstone of infection control. Many studies have attempted to demonstrate that improving hand hygiene compliance leads to fewer hospital-acquired infections. Pittet et al. (2000) demonstrated that the introduction of alcohol-based hand disinfectant, which likely caused an increase in hand hygiene compliance, reduced the incidence of MRSA infections. However, there are no experimental studies that have assessed the effect of improving hand hygiene compliance on MRSA colonization acquisition rates.
Improving nurse-to-patient ratios has also been advocated as a potentially effective intervention at curbing the transmission of antibiotic-resistant bacteria. This intervention should lead to fewer MRSA acquisitions by limiting the number of contacts between nurses and patients, thereby decreasing the opportunity to spread MRSA to multiple patients. Fridkin et al. (1996) reported that the reduction of the nursing staff below a critical level may contribute to an increase in catheter-associated bloodstream infec-tions. However, there are no experimental studies that have assessed the effect of changing the nurse-topatient ratio on MRSA acquisition rates.
Hospitals and resident epidemiologists often have limited resources and must choose between several potentially viable interventions aimed at decreasing patient-to-patient transmission of antibiotic-resistant bacteria such as MRSA. Mathematical modeling and simulation can be used to assess the potential benefits of different interventions when experimental trials have not been performed or cannot be performed due to ethical considerations (Fridkin et al. 1996; McKenzie and Samba 2004; Antia and Lipsitch 1997) . There are several studies that have used mathematical modeling and computer simulation to evaluate the effectiveness of one or both of these factors in reducing the incidence of hospital-acquired infections (Austin et al. 1999; Beggs et al. 2006; Beggs, Shepherd, and Kerr 2008; Grundmann et al. 2002; Raboud et al. 2005; Sebille, Chevret, and Valleron 1997) . These studies have compared the effectiveness of bundled interventions on MRSA acquisition for a particular hospital configuration, but have provided little or no consideration as to when, or in what cases, one intervention is better than another. In addition, these studies have not fully characterized how changing the level of one factor affects the effectiveness of the other factors. These interaction effects are a strong determinant of how much transmission can be reduced by improving a limited set of control measures. In this study, we compared the relative effectiveness of increasing the hand hygiene compliance of nurses and increasing the nurse-to-patient ratio to help inform hospitals and hospital epidemiologists considering these interventions.
METHODOLOGY
We use a stochastic, agent-based model developed by Barnes, Golden, and Wasil (2010) to simulate a 20-bed ICU and the transmission of MRSA among patients through direct contact with healthcare workers. The agent-based formulation of the model facilitates the separation of behavior between patients, nurses, and physicians, so that their individual effects on the entire system can be evaluated. In addition, within each agent class, each individual can have unique characteristics and behavior, which provides more flexibility to analyze the system in detail.
Model Assumptions and Parameter Estimates
The model simulates patients entering the ICU, occupying a single room, and being discharged after their stays are completed. Each patient is visited a constant total number of times each day, but the relative proportion of visits by nurses and physicians can vary. During these visits, patients are susceptible to acquiring MRSA from transiently colonized healthcare workers. After each visit to a patient, a healthcare worker washes his or her hands with a given probability and a specified efficacy of removing MRSA. A healthcare worker removes any MRSA bacteria that may have been transiently acquired from a colonized patient if the hand washing event is successful, and he or she does not pose an immediate threat to transmitting MRSA to other patients. If hand washing is omitted or the event is unsuccessful, the healthcare worker can potentially transmit MRSA to other patients during subsequent visits. In order to assess the relative effectiveness of improving hand hygiene compliance among nurses and increasing the nurse-to-patient ratio, we assumed that both the number of physicians and their hand hygiene behavior was constant (i.e., only parameters related to nurses were varied). Two physicians were responsible for 10 patients each in the ICU, and physician compliance was held constant at 65% throughout the experiments. The other key parameters for the model are summarized in Table 1 . Given a set of input parameters, we simulate the interactions between patients and healthcare workers over a specified time period, and produce statistics on the number of transmissions to patient by nurses and physicians.
Analytical Methods
A full 2 k factorial design is applied to compare the effect of improving both the hand hygiene compliance of nurses and the nurse-to-patient ratio to determine which control measure has a larger impact on reducing MRSA transmission. A 2 k factorial design specifies two levels for each of the k factors used in the * logN(α, β) represents the lognormal distribution with scale parameter α and shift parameter β. The parameters α and β were determined to generate a distribution with a mean length of stay of 3.94 days and a median length of stay of 2 days. experiment: a plus-level representing the factor value that has the better effect on the response and a minus-level that has a less desirable effect. Simulations are then conducted using the parameter values specified by each design point to generate a sample of the system response at that level. A full design simulates all factor-level combinations, whereas a partial design would use only a subset of the design points to evaluate the effects of the various factors. The two input factors for this study are the hand hygiene compliance of nurses and the nurse-to-patient ratio in the ICU. The system response is the number of MRSA acquisitions in the ICU over the simulation period. A sample factorial design is shown in Table 2 . 
There are two primary results derived from a factorial experiment. The first result is the set of main effects, each of which represents the average effect on the response by increasing one factor from its minus-level to its plus-level. Main effects ( k e ) can have positive or negative values, which respectively represent increasing or decreasing the response of the system as the factor level changes from minus to plus. Main effects that are close to zero suggest the factor has little to no effect on the system. The second result is the set of interaction effects between all unique subsets of two or more factors. Interaction effects ( 2 1 k k e ) characterize how changing one factor affects the ability of the other factors in the chosen subset to influence the response. Small interaction effects imply that improving multiple factors simultaneously has nearly the same effect as adding together the benefits of improving each factor by itself, which is the maximum potential improvement. When interaction effects are large, other factors are less likely to have a significant effect on the response when one factor is at its plus-level. Interaction effects can be difficult to interpret, because they only provide a relative measure for how dependent one factor is on other factors. Equations to calculate the main effect of two factors and the interaction effect between them are shown in Equations (1), (2), and (3).
We examine whether increasing the hand hygiene compliance of nurses from 0% to 100% in various increments had a better effect on MRSA acquisition rates than increasing the nurse-to-patient ratio from 1:4 to 1:1 in various increments. Rather than determine a single measure of effectiveness for each measure, we iteratively apply a 2x2 factorial design across the entire parameter space. Beginning at 0% compliance and a nurse-to-patient ratio of 1:4, we compute the mean main effects and mean interaction effect across 25 Monte Carlo replications over selected factor-level combinations, using the number of MRSA acquisitions as the response. We use increments of 5%, 10%, 15%, 20%, and 25% between the plus-and minus-levels for the hand hygiene compliance of nurses and increases of one (e.g., 1:4 to 1:3) and two levels (e.g., 1:4 to 1:2) for the nurse-to-patient ratio. By computing the main and interaction effects across all selected factor-level combinations, we are able to gain a better understanding of where in the parameter space each factor has an advantage.
There is one issue that arises when comparing interaction effects across the entire set of iterative factorial experiments. Normally, interaction effects are computed over a set of k factors in a single experimental design. In this case, interaction effects between all subsets of factors are comparable because they are computed using the same set of system responses, and therefore, are relative to the same scale. However, when system responses are generated over a range of parameter values, interaction effects are computed on different scales, which undermines any comparisons. This issue does not affect main effects, which are absolute measures of the effects of factors on the response and can be compared across the parameter space with no loss of generality.
In order to address this issue concerning interaction effects and facilitate comparisons across the entire parameter space, we introduce the concept of the maximum interaction effect. The maximum interaction effect represents the largest possible interaction effect for a given set of factors, which for a 2x2 design occurs when improving one factor has the same benefit as improving the other factor or both factors. In terms of the sample design in Table 2 , the maximum interaction effect occurs when R 2 = R 3 = R 4 . We can insert this expression into Equation 3 and then normalize all interaction effects using the maximum interaction effect for each case to facilitate meaningful comparisons. These two expressions are shown in Equation 4 and Equation 5. 
RESULTS
The results of the factorial design experiments are summarized in Figures 1 to 5 . Figure 1 gives the response values at each factor-level combination, shown as data series for each nurse-to-patient ratio level. Figures 2-5 contains values that represent the difference between the mean main effect of increasing the hand hygiene of nurses and the mean main effect of the corresponding change in the nurse-to-patient ratio. A positive value indicates that the improvement in nurse-to-patient ratio resulted in more prevented MRSA acquisitions than the corresponding increase in hand hygiene compliance. A negative value indicates the improvement in hand hygiene led to a better result. A line is drawn at zero to separate cases where nurse-to-patient ratio performed better from cases when hand hygiene compliance resulted in superior infection control.
Each series contains these difference values for a specified increment in hand hygiene compliance. For example, each series labeled 5% contains difference values that use the x-axis compliance as the minus-level and a hand hygiene compliance level 5% higher as the plus-level to compute the main effect. Series labeled 25% use the x-axis compliance as the minus-level and a compliance that is 25% higher as the plus-level. Each series only extends to a compliance value that has 100% as its maximum plus-level (i.e., 5% terminates at 95%, 10% at 90%, etc.).
Each data series in the plots on the right in Figures 2-5 represents the set of normalized interaction effects over the entire range of compliance values for a particular increase in the nurse-to-patient ratio. Similar to the difference value figures, each data point represents the normalized interaction effect computed using the baseline compliance level indicated by the x-axis, a plus-level specified by the series compliance increment, and the increase in nurse-to-patient ratio for that particular figure. Normalized interaction effects have a maximum value of one, which represents the case where the interaction effect is actually maximized. This value is not likely to occur in any experiment, unless one factor has no effect on the response. Interaction effects can also be negative, which represents cases in which improving one factor actually improves the effect of the other factor on the response. However, these cases only occur when compliance increases from very low levels. A two-sided, two-sample T-test with unequal and unknown variances was applied to each main effect difference value, and a two-sided, single-sample T-test with unknown variance was applied to each normalized interaction effect. These hypothesis tests assume that the distributions of main effect difference values and normalized interaction effects are both normal. We are not able to validate this assumption with a goodness of fit test due to our small sample size for each design point. As a consequence of this limitation, we conducted these tests at the α = 0.05 level to account for some of the uncertainty with the results. Equations for the test statistics and degrees of freedom are summarized in Table 3 . Non-significant difference values cannot differentiate between the impact of hand hygiene compliance and the nurse-to-patient ratio. Non-significant interaction effects suggest the benefits of improving both factors could be achieved while maximizing the marginal benefit of each factor. Statistical significance is reflected in Figure 2 through Figure 5 , in the form of shaded values. Significant results are shaded in black, whereas non-significant results are shaded in gray and typically fall close to zero. As shown in Figure 4 , increasing the nurse-to-patient ratio from 1:2 to 1:1 outperforms all considered improvements in hand hygiene compliance. These results are all statistically significant, which suggests this implementation would almost certainly minimize transmission in an ICU setting. We do not provide figures that summarize improvements to a 1:1 ratio from ratios such as 1:3 or 1:4, as these changes are likely to demonstrate an even larger discrepancy between the effects of the two factors. In addition, improvements in hand hygiene compliance from 0% to higher levels resulted in larger benefits than any associated change in nurse-to-patient ratio. However, it is unlikely that healthcare workers have a baseline compliance of 0%, so this aspect of the figures will not be discussed in additional detail.
In general, the figures show that increasing the nurse-to-patient ratio outperformed small improvements (i.e., those less than 10%) in hand hygiene compliance, unless the baseline compliance level was extremely high. The benefit of increasing the nurse-to-patient ratio appears to reach a maximum at lower hand hygiene compliance levels, before tapering off and being overtaken by increases in hand hygiene compliance from higher baseline levels. Larger increases in hand hygiene compliance can prevent more MRSA acquisitions at lower baseline compliance levels when nurse-to-patient ratios are relatively low (i.e., 1:3 or 1:4).
The interaction effect plots in Figures 2 to 5 highlight some important trends when considering multiple infection control measures. These figures show that interaction effects increase as the baseline hand hygiene compliance level becomes higher, which indicates that there is a diminishing return associated with combining increases in nurse-to-patient ratios with improvements in hand hygiene from high baseline levels. These trends support the conclusions from the main effect figures that hospitals that have been successful at improving hand hygiene compliance can continue to reduce the incidence of MRSA transmission more effectively by further increasing the compliance of healthcare workers. At lower baseline compliance levels, interaction effects are much smaller, which indicates that improvements in compliance can be combined with increases in the nurse-to-patient ratio without losing a significant amount of the potential benefit. Interaction effects for increases to a 1:1 nurse-to-patient ratio are large for any improvement in compliance, and become very large for improvements from high baseline compliance lev-els. This trend suggests that if a 1:1 nurse-to-patient ratio is achieved, then hand hygiene compliance becomes a less critical factor with respect to spreading MRSA among patients, assuming productive interactions (i.e., those that result in MRSA transmission) between healthcare workers are minimal. 
CONCLUSIONS
We compared the relative effectiveness of improving the hand hygiene compliance of nurses and increasing the nurse-to-patient ratio by applying a full 2 k factorial design to the output of an agent-based simulation. Our results suggest that when baseline hand hygiene compliance is low, it may be more effective to hire additional nurses than to rely on improvements in hand hygiene, unless those improvements are very large and are achieved very quickly. At high baseline levels of compliance, it may be more effective to continue focusing on improving compliance than to increase staffing levels.
Previous studies have not quantified the differences between the interventions in detail. This deficiency is addressed by our results in Figures 2 to 5 , which compare the performance of the two factors across a wide range of performance levels. In addition, we have provided some indication as to how large an improvement in hand hygiene from a given baseline level is required to outperform a change in the nurse-to-patient ratio.
By applying factorial design methods iteratively over a wide range of parameter values, we demonstrated the effectiveness of this methodology for evaluating infection control measures. Main effects have a straightforward application, because they represent the effectiveness of various control measures in reducing MRSA acquisition rates. Interaction effects are also important, because they provide insight with respect to the efficiency of improving multiple control measures simultaneously. Some infection control strategies may seek to maximize effectiveness, whereas others may require more efficiency, and these metrics help to differentiate between the two scenarios. Ideally, with unlimited resources, hospitals would be able to institute multiple interventions aimed at reducing the incidence of hospital-acquired infections. However, hospitals and resident epidemiologists often face limited budgets and thus need to make choices among different interventions.
Our results did not include an analysis of the relative costs associated with each intervention, but this type of analysis could be performed in future studies. At first glance, it would seem less expensive to improve hand hygiene compliance than to hire additional nurses. The average cost of an ICU nurse in the United States is approximately $62,733 (Salary.com 2010). However, improving hand hygiene and achieving a sustained increase in compliance has proven to be a difficult task, and there is little data to support how much improvement can be attained for a given investment. Many interventions have led to transient increases in hand hygiene compliance, but few studies have been able to demonstrate sustained improvement, which brings into question whether it is possible to achieve a sustained increase in the hand hygiene compliance of healthcare workers (Boyce, Pittet, and Healthcare Infection Control Practices Advisory Committee 2002) .
Our results reinforce the importance of basing decisions concerning infection control strategies on individual hospital circumstances, which may assist hospitals in reducing MRSA acquisition rates by taking into account their baseline hand hygiene compliance rates and staffing ratios. There are situations when improving multiple factors is necessary, such as an outbreak, and other situations when improving one factor can reduce MRSA acquisition sufficiently well. Understanding the interaction effects between infection control measures can help determine the best approach. In future work, we may investigate the relative effectiveness of a larger set of infection control measures, which would likely require a more robust experimental design methodology to account for non-linearities in multiple dimensions. optimization and applications of metaheuristics to optimization problems. He was the American University Scholar/Teacher of the year in 2006. His email address is ewasil@american.edu.
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